A direct numerical simulation of turbulent stagnation-region heat transfer with free-stream turbulence is performed. The temperature field in the 'damping' regime is mildly disturbed and that in the 'attached amplifying' regime is organised. In the 'detached amplifying' regime, the temperature field becomes turbulent. The temperature field is stretched in the x direction near the wall. The surface contours reveal that the temperature field is influenced significantly by streamwise vorticity. The enhancement of wall heat transfer by free-stream turbulence is similar to that in the previous results of the organised inflow disturbances. This indicates that the effect of large-scale eddies on the enhancement of wall heat transfer is important in the turbulent stagnation-region heat transfer. The breakdown of similarity between momentum and energy transfers in the stagnation-region with free-stream turbulence is analysed. The wall blocking and the pressure fluctuations are found to be responsible for the dissimilarity.
Introduction
Stagnation-region heat transfer has been known to be enhanced by free-stream turbulence. For example, Yeh et al. (1993) measured a stagnation-region heat-transfer enhancement of 190% over the laminar value. The large heat-transfer augmentation is critical to many engineering predictions. A flow over a turbine blade is one of widely-known stagnation-region flows, and the prediction of the leading edge heat transfer is important for a turbine blade design, which is one of the difficult tasks in the gas turbine industry. Lack of sufficient information on the leading edge heat transfer leads to an excess heat load on the stagnation-region. Because of this, an early thermal crack can be created unexpectedly. Thus, an accurate prediction of heat transfer in the stagnation-region is of significant importance.
A literature survey reveals that many studies of the enhancement of stagnation-region heat transfer have been attempted. Maciejewski and Moffat (1992) conducted an experiment where the stagnation-region heat-transfer rate was largely augmented by a very high free-stream turbulence. They reported the augmentation of heat transfer by more than 400% with the free-stream turbulence. Ames (1994) conducted experiments where a mock combustor was used to generate the free-stream turbulence, and the flow exiting the mock combustor impinged on the stagnation-region. He correlated the free-stream parameters such as the intensity, length scale and Reynolds number with the enhancement of the stagnation-region heat transfer. Their results indicated that the intensity and Reynolds number are proportional to the enhancement, but the length scale is inversely proportional to the enhancement. van Fossen and Simoneau (1987) also made experimental investigations, where the same trend in the enhancement of the wall heat transfer was found. Oo and Ching (2001) conducted an experiment where the effect of free-stream turbulence with different vortical structures on the stagnation-region heat transfer was investigated. They found that the wall heat-transfer enhancement depends on the vortical structures. Xiong and Lele (2001) conducted a large eddy simulation on a leading edge heat transfer under the free-stream turbulence and found 11% increase of the wall heat transfer. They showed disturbed temperature structures at the leading edge.
The free-stream turbulence is generally known to influence the wall heat transfer significantly. Simonich and Bradshaw (1978) demonstrated that the free-stream turbulence enhanced the wall heat transfer and the skin friction in a turbulent flat plate boundary layer. Hancock and Bradshaw (1983) later proposed a scaling factor, which is a function of the intensity and the integral length scale of the free-stream turbulence to account for these changes. As the intensity increases, the enhancements of wall heat transfer and skin friction increase, but the length scale shows a reverse trend: as the length scale decreases, the enhancement increases. They attributed this finding to a 'blocking effect' of the wall towards the large scale energy-containing eddies. A series of numerical simulations with the organised inflow disturbances were conducted by Bae et al. (2000) prior to using the free-stream turbulence. In their study, the sensitivity of wall heat transfer to the free-stream vorticity was scrutinised by varying the Reynolds number, the length scale and intensity of the organised inflow disturbances. Three regimes of flow structure were found depending on the length scales of the organised inflow disturbances: 'damping', 'attached amplifying' and 'detached amplifying'. Recently, a direct numerical simulation was performed for the stagnation-region flow with the free-stream turbulence by Bae et al. (2003) . In their study, the single-point turbulence statistics and the turbulent statistics budgets were obtained. The statistics reflected the typical characteristics of stagnation-region flow, which are generically different from those of other canonical geometry flows.
In general, turbulent heat transfer is predicted by the Reynolds analogy in which the eddy diffusivity for heat (α t ) is prescribed through the known eddy diffusivity for momentum (v t ), with the assumption of the constant turbulent Prandtl number Pr t = constant. Many studies have reported that the Reynolds analogy was applied successfully in turbulent flat plate boundary layer and channel flows (Reynolds, 1975; Gaviglio, 1987) . However, a breakdown of the Reynolds analogy occurs in non-equilibrium flows. Wang and Campbell (1992) proposed two modes of momentum transfer, a slow streaming mode and a fast impulsive mode, while energy transfer has only the slow streaming mode. This may suggest that the mechanisms of momentum and energy transfers are fundamentally different.
To understand the breakdown of the Reynolds analogy in stagnation-region, it is necessary to investigate the influence of the amplified streamwise vortices on the enhanced heat-transfer characteristics. A literature survey reveals that the effect of streamwise vortices on wall heat-transfer enhancement has been studied extensively. Saric (1994) mentioned the influence of Görtler vortices on wall heat transfer and showed a mushroom-shaped temperature contour by the vortices. Similar temperature contours were also observed in the stagnation heat transfer with the organised inflow disturbances (Bae et al., 2000) . Eibeck and Eaton (1987) conducted an experiment where a longitudinal vortex was embedded in a turbulent boundary layer with an increase of wall heat transfer. The increased heat transfer is attributed to the fact that the downwash region is larger than the upwash region, although the most disturbed temperature contours occur in the upwash region. Sabry and Liu (1991) investigated the evolutions of longitudinal vorticity originating from the initial Görtler vortices, and found that the vorticity affects wall heat transfer significantly.
Recently, Bae and Sung (2001) made an analytical analysis on the breakdown of the Reynolds analogy in the stagnation region under the organised inflow disturbances. The Reynolds analogy breakdown between momentum and energy transfers was scrutinised by varying the Reynolds number (5000 ≤ Re ≤ 20000), amplitude (0.00075 ≤ A ≤ 0.003) and length scale (λ/δ = 10.6). The Reynolds analogy criterion demonstrated that the rate of change of skin friction is different from that of wall heat transfer. Different evolutions of the rates of skin friction and wall heat transfer are attributed to the difference between 〈u′v′〉 and 〈v′T′〉. An in-depth analysis on 〈u′v′〉 and 〈v′T′〉 was performed by using the disturbance correlations based on the fluctuating velocity transport equations in vorticity form. It was found that three major terms are responsible for the breakdown of the Reynolds analogy: the pressure fluctuations, the wall blocking and the Lamb vectors.
The objective of the present work is to analyse the characteristics of stagnation-region heat transfer with free-stream turbulence, and to study the breakdown of similarity between momentum and energy transfers of stagnation-region flow under free-stream turbulence. Emphasis is placed on the enhancement of stagnation-region heat transfer in the 'detached amplifying' regime and the relation between the flow structures and the disparate behaviours of momentum and energy transfers. The instantaneous velocity and temperature profiles turbulence statistics and budgets are analysed. The afore-stated major terms are recapitulated for the present turbulent stagnation-region flow and heat transfer, from which two postulates are proposed to analyse the breakdown. The homogeneous and isotropic free-stream turbulence is imposed on the velocity component, normal to the wall at the inflow boundary. The compressible momentum and energy equations are solved by using the second-order fully implicit Beam-Warming scheme (Beam and Warming, 1976) , with the fourth-order central differencing and optimised schemes (Bae et al., 2003) . The Reynolds numbers based on L are 10000, 10000 and 15000 for the 'damping', 'attached amplifying' and 'detached amplifying' regimes, respectively. L is a reference length scale, which is the distance from the wall to the location where u ∞ , ρ ∞ and µ ∞ are estimated. Here, ∞ represents the free-stream value.
The intensities of the free-stream turbulence are set to 5%, 25% and 25%, respectively. The length scales of energy-containing eddies in the free-stream turbulence are 2.5δ, 2.9δ and 8.0δ respectively, where δ is 99% laminar boundary layer thickness. The Mach number is Ma = 0.4 and the Prandtl number is Pr = 0.72. The temperature ratio at the wall is set as T w /T o = 0.8, where T w is the wall temperature and T o is a free-stream total temperature. Non-reflecting boundary conditions (Giles, 1988) are imposed at the inflow and outflow boundaries. Exit zones (Colonius et al., 1993) are appended to the outflow boundaries. 
Mathematical formulation
where the asterisk * represents nondimensionalisation and Ma is the Mach number. The Prandtl number Pr is also assumed to be constant and is set to 0.72. Thus, the thermal conductivity k is related to µ by the following relation:
where C p is the specific heat at constant pressure. The viscosity is assumed to depend on the power law of temperature.
where n = 0.76. The total energy E t is defined as
where C v is the specific heat at constant volume.
The nondimensionalised governing equations used in the present study are the continuity, compressible momentum and energy equations, which are expressed as,
where S ij represents the strain rate tensor and γ is the specific heat ratio γ = C p /C v . Since all variables are considered to be nondimensionalised hereafter, the asterisk * is dropped in Equations (4) , .
The Favre average decomposition is , ,
, .
where , .
Results and discussion
As mentioned earlier, Bae et al. (2000) depicted the influence of laminar inflow disturbances on the amplification of streamwise vorticity and on the corresponding heat-transfer augmentation. The inflow disturbance was imposed at the inflow normal velocity v,
} where λ and A represent the length scale and the amplitude of laminar inflow disturbances, respectively. v m (x) denotes the mean velocity averaged in the spanwise direction at the inflow boundary. The enhancement of wall heat transfer because of the inflow disturbances is characterised by the Stanton number (St), which is defined as,
Here, ρ ∞ and u ∞ represent the reference density and velocity, respectively. h is the heat-transfer coefficient. The enhancement of wall heat transfer is represented by ∆St, a percentage change of St owing to the free-stream turbulence, which is defined as ∆St = (St -St lam )/St lam × 100. The subscript 'lam' denotes the laminar value. The variations of ∆St against λ are shown in Figure 1 . When λ is larger than the specific length scale (λ s ), the wall heat transfer decreases as λ increases. However, when λ is smaller than λ s , the wall heat transfer increases with the increase of λ.
Pertaining to the length scale associated with the laminar inflow disturbances, three regimes were classified (Bae et al., 2000) , which are • the 'damping' regime
• the 'attached amplifying' regime
• the 'detached amplifying' regime. In the present study, direct numerical simulations of the stagnation-region heat transfer with free-stream turbulence are performed for the 'damping', 'attached amplifying' and 'detached amplifying' regimes. A homogeneous and isotropic turbulence is used as the free-stream turbulence. The length scale of the energy-containing eddies in the free-stream turbulence is varied to represent the three regimes (Bae et al., 2000) . A schematic diagram of the simulations is presented in Figure 2 . In the stagnation-region, flow comes normal to the wall and then turns parallel to the wall. Owing to this typical streamline pattern, where a mean-flow curvature is formed, the vortex stretching by a mean strain rate amplifies streamwise vorticity in the stagnation region. x, y and z are the streamwise, wall-normal and spanwise directions, respectively. The computational domain is 132δ × 21δ × 33δ in the x, y and z directions, respectively, where δ is the 99% laminar boundary layer thickness. The number of grid points are 255 × 224 × 96 in the x, y and z directions, respectively. The length of the exit zone is 5δ approximately. At the free-stream, the length scale 1 of energy-containing eddies is set at l/δ = 8.0 which belongs to the 'detached amplifying' regime (Bae et al., 2000) . The intensity of the free-stream turbulence is set at / 0.25 v v ′ = . Details regarding the numerical parameters are listed in Table 1 . The Reynolds number is based on L, where the length scale L is the distance from the wall to the free-stream. The Mach number is Ma = 0.4 to mimic the heat transfer in a turbine blade, and the Prandtl number Pr = 0.72 for air. The no-slip and isothermal wall is imposed with T w /T o = 0.8, where the subscripts 'w' and 'o' denote the wall and total values, respectively. Giles' non-reflecting boundary condition is exploited at the inflow and outflow boundaries. The 'Exit Zone' is also appended to the outflow boundaries to remove any disturbances into the computational domain. The governing equations are numerically integrated by using the Beam-Warming fully implicit time-advancement scheme. The fourth-order central differencing and optimised schemes are used for the spatial discretisation. The validations of the numerical code can be found in Bae et al. (2000) . 
Instantaneous temperature fields for three regimes
The instantaneous y-z contours of temperature T are illustrated in Figure 3 for (a) the 'damping' regime, (b) the 'attached amplifying' regime and (c) the 'detached amplifying' regime. In the 'damping' regime, the temperature field is not disturbed significantly by the free-stream turbulence. With the increase of the length scale of energy-containing eddies, the temperature field is more disturbed in Figure 3 (b), where the length scale belongs to the 'attached amplifying' regime. Although the flow is turbulent by imposing the free-stream turbulence at the inflow boundary, the temperature field is organised near the wall, illustrating large mushroom-type contours. These contours are similar to those of the organised inflow disturbances as shown in Bae et al. (2000) . In the 'detached amplifying' regime, however, the temperature field is turbulent near the wall. Large randomly organised contours and small bump-type contours are detected together. An overall examination of Figure 3 indicates that the classification of the three regimes based on the organised inflow disturbances is valid in the case of the free-stream turbulence. This means that the length scale of energy-containing eddies in the free-stream turbulence is a key factor in the transition from the mildly disturbed temperature field to the turbulent one. Based on the results of the organised inflow disturbances, the magnitude of the streamwise vorticity (ω x ) becomes larger in the 'detached amplifying' regime. These strong near-wall streamwise vortices affect the temperature field directly. In both regions, the temperature structures are seen to be associated with those of the streamwise vorticity. The streamwise vorticity is stretched in the x direction owing to the vortex stretching. Accordingly, the temperature structures are stretched in the x direction and they share the same locations with the streamwise vorticity structures. Figure 4 confirms the idea of Bae et al. (2000) that the stretched streamwise vortices affect the temperature field substantially in the stagnation-region. The coherence between T and ω x may be related to the fact that temperature is passively transported by flow. Furthermore, the wall-normal temperature transport, which is effective to the wall heat transfer, is affected by ω x that enforces the flow in the wall-normal direction. The relation between T and ω x has been reported not only in the stagnation-region, but also in other geometries (van Fossen and Simoneau, 1987; Saric, 1994; Liu and Lee, 1995; Oo and Ching, 2001 ). Contrary to the fact that the inner scale rule is valid in a flat plate boundary layer, the log law is no longer valid in the turbulent stagnation-region heat transfer. Three curves do not collapse into one curve in Figure 5(a) . A logarithmic region is an equilibrium zone where the production and the dissipation balance. However, the present large randomly organised temperature field is not the 'equilibrium zone'. Note that the favourable pressure gradient affects the log law: the log region could not be detected in the u profile with a strong favourable pressure gradient (Patel, 1965) .
On the other hand, the outer scale rule is valid for the turbulent stagnation-region heat transfer, which is shown in Figure 5 (b). The three curves collapse to one curve normalised by the outer scales, y/δ and edge edge
Here, the subscript 'edge' represents values at the edge of boundary layer. It is interesting to find that the validity of the outer scale extends to the near-wall location. A closer inspection of Figure 5 demonstrates that the profile of T in the presence of the free-stream turbulence is similar to the laminar organised temperature profile. This is attributed to the typical flow feature in the stagnation region: the strength of the stretched streamwise vorticity is so strong that the near-wall flow structures are organised by a few large-scale eddies. Details regarding the turbulent stagnation-region flow features are compiled in Bae et al. (2003) . 
Breakdown of similarity between C f and St
The above-mentioned results indicate that the turbulent stagnation-region flow and heat transfer are influenced significantly by the large-scale free-stream turbulence. It has been known that a large-scale disturbance causes a non-equilibrium flow; therefore, it is reasonable to suspect whether the Reynolds analogy, which is based on equilibrium flow is still valid in the turbulent stagnation-flow and heat transfer. As a first step to rationalise the suspicion, the similarity between C f and St is examined. Figure 6 
( ) where h is the heat-transfer coefficient and the subscript w denotes a wall value. It is shown that both C f and St are increased from those of laminar flow because of the free-stream turbulence. However, the responses of C f and St to the imposed free-stream turbulence are different, i.e., the similarity between momentum and energy transfers at the wall is broken. For ∆C f , an approximately 9% increase is shown at | / | 15 x δ ≥ , i.e., in the far-stagnation region (Bae et al., 2003) . In the near-stagnation region (| / | 15)
, ∆C f is not a flat curve, showing positive and negative spikes at the stagnation point. This is attributed to the fact that u ∞ is included in the denominator of the definition of ∆C f : it has a small absolute value near the stagnation point. On the other hand, ∆St demonstrates an approximately 40% increase and has a rather flat curve for the entire x range. Compared to other canonical geometries such as a flat plate boundary layer, the extent of the breakdown is more severe. In a flat plate boundary layer with free-stream turbulence, ∆St/∆C f varies typically around 1.2 or 1.3 (Blair, 1983; Hancock and Bradshaw, 1983) . However, Kestin (1966) reported a value for ∆St/∆C f , which is larger than 2.0 for the stagnation-region flow and heat transfer. Note that the values should be dependent on the characteristics of free-stream turbulence (Simonich and Bradshaw, 1978; Maciejewski and Moffat, 1992; Bott, 1996) .
Instantaneous flow and thermal fields
As a first step to examine the mechanism responsible for the breakdown of similarity, the instantaneous y -z contours of u and T are displayed in the far-stagnation region (x/δ = 35) in Figure 7 . Both the y and the z coordinates are normalised by δ. Solid lines represent positive values and dotted lines denote negative values. In Figure 7 (a), the circular contours near the top inflow boundary evolve to elliptic and larger contours near the boundary layer. In particular, a large-sized organised eddy is detected at y/δ ≈ 5 and z/δ ≈ 10 ('A'). This eddy is related to the most disturbed temperature contour at the same location. According to Bae et al. (2000) , these u and T contours belong to the 'detached amplifying' regime. The u contours at y/δ ≈ 1.5 and z/δ ≈ 15 ('B') are smaller and are attached to open-loop contours in the vicinity of the wall. At the same location, T contours are shown in Figure 7 (b), which erupt from the boundary layer. Comparison of the temperature contours indicates that the temperature contours of 'B' and 'C' are less disturbed than those of 'A'. This is attributed to the fact that they belong to the 'attached amplifying' regime. The locations of the disturbed T contours in Figure 7 (b) coincide with those of the disturbed u contours in Figure 7 (a) in both the 'attached amplifying' regime ('B' and 'C') and the 'detached amplifying' regime ('A'). Figure 8 shows the u and T contours in the near-stagnation region (x/δ ≈ 1.1). A large, elliptical contour of u ('D') is seen at (y/δ, z/δ) ≈ (5, 8), which belongs to the 'detached amplifying' regime. At the same location, the T contour is significantly disturbed. In the 'attached amplifying' regime ('E') at (y/δ, z/δ) ≈ (2, 17), however, the T contour is mildly disturbed. A closer inspection of the location of temperature 'E' discloses that the location is slightly shifted to the positive z direction, i.e., (y/δ, z/δ) ≈ (2, 19). This suggests that a dissimilarity exists in the locations of u and T in the 'attached amplifying' regime ('E', 'F'). To examine the dissimilarity between the near-stagnation and far-stagnation regions, the contours of vorticity are plotted in Figures 9 and 10 . In Figure 9 , the contours of the streamwise vorticity ω x and the wall-normal vorticity ω y are displayed in the far-stagnation region (x/δ = 3.5). Three locations in Figure 9 are the same as those in Figure 7 . A global examination of the contours indicates that the structures of ω x in Figure 9 (a) are closely linked to those of T in Figure 9(b) . Furthermore, the structures of ω y in Figure 9 (b) are similar to those of u in Figure 7 (a). Note that the core of ω x at 'A' is located at the same position as that of ω y at 'A'. It is found that the root positions of the mushroom-shaped temperature contours in Figure 7 (b) correspond to the core positions of ω y in Figure 9 . Recall that the disturbed T contours are located at the same positions as those of u contours in Figure 7 . Next, the structures of ω x and ω y in the near-stagnation region (x/δ = 1.1) are inspected in Figure 10 . Similar to the relation between Figures 7 and 9, four selected locations in Figure 10 are the same as those in Figure 8 .
The structures of ω x in Figure 10 (a) are related to those of T in Figure 8(a) , and the structures of ω y in Figure 10 (a) are similar to those of u in Figure 8 (a). However, as addressed in Figure 8 , the position of ω x at 'E' is slightly shifted to the positive z direction as compared with that of ω y at 'E'. It is seen that the structures of ω x are not directly related to those of ω y in the near-stagnation region, i.e., the dissimilarity between ω x and ω y . This can be explained by the equation of vorticity. 
The last term in the above equation represents the stretching and tilting of the vorticity. Because of the mean strain rate, the stretching of ω x is dominant over the tilting. On the other hand, the stretching and tilting of ω y interact in the near-stagnation region. This means that the behaviours of ω y are independent of ω x . In the far-stagnation region, however, the tilting of ω y becomes stronger and ω y is linked more with ω x .
As mentioned earlier, Bae et al. (2000) proposed three regimes of ω x and their characteristics of the wall heat-transfer enhancement with the length scale variations of the organised inflow disturbances. To see whether their results can be applied to the present turbulent field, the y-z contours of ω x are exhibited in the far-stagnation region (x/δ = 40) in Figure 11 with the corresponding wall profiles of ∂u/∂y and ∂T/∂y. The y and z coordinates are normalised by δ. ∂T/∂y is scaled by ∆T/δ and ∂u/∂y is by u edge /δ where the subscript 'edge' represents an edge value. ω x in the 'attached amplifying' regime is marked by a dotted line whereas ω x in the 'detached amplifying' regime is by a solid line. It is seen that ω x in the 'attached amplifying' regime is well correlated with the larger wall heat-transfer enhancement, while ω x in the 'detached amplifying' regime is related to the smaller wall heat-transfer enhancement.
Furthermore, ∂u/∂y is also correlated with ω x . At z/δ = 20, ∂u/∂y has a small value while the corresponding contours of ω x are mildly disturbed. Although the shapes of ∂T/∂y and ∂u/∂y are similar, the quantitative similarity does not hold in the far-stagnation region.
The y-z contours of ω x in the near-stagnation region (x/δ = -1.9) are displayed in Figure 12 . An inspection of the profile of ∂T/∂y reveals that ω x is closely correlated with ∂T/∂y. Furthermore, ω x in the 'attached amplifying' regime enhances the wall heat transfer (∂T/∂y) more than that in the 'detached amplifying' regime. However, it is evident in Figure 12 that a dissimilarity exists between ∂T/∂y and ∂u/∂y in the near-stagnation region. The profile of ∂u/∂y is not influenced by ω x , regardless of the regimes. 
Mechanism for the breakdown of similarity
Based on the preceding observations, two postulates are proposed in the present study:
Postulate 1: Postulate 1 is that u′ is influenced by ω y and T′ is influenced by ω x Postulate 2: Postulate 2 is that the core-contours of ω x and ω y are not always located at the same position, and their magnitudes may be different.
A schematic diagram of 'Postulate 1' is illustrated in Figure 13 . ∂u/∂y and ∂T/∂y are exerted in the x and -y directions, respectively. As the flow evolves downstream, u′ is induced by ω y and T′ is affected by ω x . As described in Figures 7-10 , u matches with ω y and T is in harmony with ω x . To look into the interaction between u′ and ω y , the fluctuating velocity transport equation in vorticity form (Lele, 1992 ) is expressed as,
Note that u′ is influenced directly by the vorticity, i.e., (u × ω) 1 = vω z -vω y . Since ω z forces the flow in the x and y directions simultaneously, ω z is excluded as the prime source of inducing u′. As pointed out by Bae and Sung (2001) , u′ is less influenced by the wall blocking.
Because u′ is parallel to the wall, the induced u′ cannot recognise the presence of the wall directly. Accordingly, u′ is not affected by ω x directly, where ω x enforces the flow in the wall-normal direction.
Next, the interrelation between T′ and ω x is examined in the sense that T′ is passively transported by the flow. Since ω x enforces the flow in the wall-normal direction, the wall-normal temperature transport is the most effective at enhancing wall heat transfer. As shown in Figures 11 and   12 , ∂T/∂y is directly linked with ω x . This is consistent with the previous result of Bae et al. (2000) , where the streamwise vortices are responsible for the enhancement of wall heat transfer (Eibeck and Eaton, 1987; Sabry and Liu, 1991) . To clarify 'Postulate 2', the instantaneous x -z contours of ω y and ω x at y/δ = 1.0 are plotted in Figure 14 . Both the x and the z coordinates are normalised by δ. The maximum level of the ω x contours is larger than that of ω y . This is because ω x is amplified by the mean strain rate. In the This leads to the disparate evolution of u′ compared to T′. Accordingly, the similarity between the momentum and energy transfers is completely broken in the near-stagnation region. However, the dissimilarity mechanism in the near-stagnation region does not hold in the far-stagnation region. (No. Far-1:) As ω y is transported from the near-stagnation region to the far-stagnation region, the strong ω x overrides ω y . This produces a mild harmony between ω x and ω y , i.e., ω x and ω y occupy the same position, although ω x is still larger. Because of this phenomenon, u′ becomes similar to T′. (No. Far-2:) However, the magnitude of T′ is larger than that of u′. As flow goes extremely far downstream, it becomes the flat plate boundary layer flow. In the flat plate boundary layer flow, the magnitude of T′ is similar to that of u′ where it is considered to be in 'equilibrium' turbulence status. Consequently, the self-similarity is valid in the flat plate boundary layer regime in the condition that the effect of the free-stream turbulence in the stagnation-region vanishes.
Finally, a schematic diagram of an 'equilibrium' turbulence is illustrated in Figure 16 (c). Here, the 'equilibrium' is defined under the assumption ω x ≈ ω y , which can be found in a turbulent flat plate boundary layer.
It is believed that since ω x ≈ ω y , the similarity between u′ and T′ holds, i.e., the Reynolds analogy is satisfied. If this is true, the Reynolds analogy in the turbulent flat plate boundary layer is a special case of the present mechanism.
Conclusions
A direct numerical simulation of turbulent stagnation-region heat transfer with free-stream turbulence is performed. The free-stream turbulence is homogeneous and isotropic. The same numerical code and method as conducted in Bae et al. (2000) are used. It is seen that the temperature field in the 'damping' regime is mildly disturbed. The temperature field in the 'attached amplifying' regime is organised. In the 'detached amplifying' regime, the temperature field becomes turbulent. Because of the streamwise vortex stretching, the temperature field is stretched in the x direction near the wall. The surface contours of streamwise vorticity and temperature demonstrate that both quantities are closely correlated. The similarity between the organised inflow disturbances and the free-stream turbulence may suggest that the effect of arge-scale eddies is mostly important in the study of the wall heat-transfer enhancement of the turbulent stagnation-region heat transfer. It is found that the inner scale does not work in the turbulent stagnation-region heat transfer while the outer scale is valid.
The dissimilarity between momentum and energy transfers in the stagnation-region under free-stream turbulence is examined. The instantaneous contours of u and T in the 'detached amplifying' regime reveal that u is similar to T in the far-stagnation region, while not in the near-stagnation region. u is consonant with ω y , and T is similar to ω x . Based on the findings in the present study, two postulates are proposed to address the mechanism.
'Postulate 1' is that u′ is influenced by ω y and T′ is influenced by ω x . 'Postulate 2' is that the core-contours of ω x and ω y are not always located at the same position, and their magnitudes may be different. The proposed mechanism is explained as follows: In the near-stagnation region, the amplified ω x affects T′ significantly, while ω y interacts mildly with the amplified ω x . Because of this, ω y evolves independently of ω y . This causes the disparate evolution of u′ from that of T′. On the other hand, as ω y is transported from the near-stagnation region to the far-stagnation region, the strong ω x overrides ω y .
Consequently, u′ becomes similar to T′, although the magnitude of T′ is still larger than that of u′.
